Factors governing mass transfer during membrane electrodialysis regeneration of LiCl solution for liquid desiccant dehumidification systems
suggest that the concentration difference between the regenerated and spent LiCl solutions 1 should be minimized for an optimum ED performance. The increase in energy demand for air conditioning and climate changes are some of the 3 most significant challenges facing the building sector (Pérez-Lombard, Ortiz, & Pout, 2008) .
4
The building sector accounts for around 40% of total world energy usage, of which about 5 50% is attributed to heating, ventilation and air-conditioning (HVAC) systems (Duan, Zhan, 6 Zhang, Mustafa, Zhao, Alimohammadisagvand, & Hasan, 2012; Lin, Ma, Sohel, & Cooper, 7 2014). Building energy efficiency is therefore essential to reduce global energy usage and 8 greenhouse gas emissions.
9
Over the last few decades, many energy efficient technologies have been proposed for 10 improving the performance of building HVAC systems (Chua, Chou, Yang, & Yan, 2013; 11 Marszal, Heiselberg, Bourrelle, Musall, Voss, Sartori, & Napolitano, 2011; Wang, Ma, & 12 Gao, 2010). Among them, desiccant cooling has emerged as an attractive approach (Daou, & Xia, 2006; Niu, Xiao, & Ma, 2012) . Desiccants are hygroscopic or dehumidified 14 substances with the ability to attract moisture from air based on their affinity to water (Daou 15 et al., 2006; Waugaman, Kini, & Kettleborough, 1993) . To maintain the dehumidification 16 capability, it is necessary to continuously regenerate the desiccant to remove water molecules 17 from the system (Mohammad, Mat, Sulaiman, Sopian, & Al-abidi, 2013) .
18
Regeneration of liquid desiccants is therefore a key process in a desiccant dehumidification can only migrate through cation-exchange membranes (CEMs) and anion-exchange 10 membranes (AEMs), respectively.
11
The use of ED for liquid desiccant regeneration was first proposed by (Li & Zhang, 2009 of the mass transfer mechanisms of ED for liquid desiccant regeneration.
5
A range of experimental tests, as summarized in Table 1 , were first designed and 6 conducted based on a lab-scale ED experimental setup, which will be introduced in Section 3.
7
Based on the experimental data collected, the ED characteristics such as the membrane water 8 permeability and the water transport number were then identified and used to set up the 9 numerical model. The experimental data was also employed to validate the effectiveness of 10 the numerical model used. Lastly, the experimental data is used to investigate the salt transfer 11 due to the applied electric current and diffusion, and the water transfer due to the different 12 osmotic pressures and the electro-osmosis impact. In the meanwhile, the validated numerical The water flux (J w,os ) and salt flux (J salt,Dif ) through the ED channels due to osmosis and 18 diffusion without current apply can be determined using Eqs. (1) and (2), respectively. When
19
an electric current is applied, both osmosis and electro-osmosis can affect the water flux from 20 the spent channels to the regenerated channels and the total water flux (J w,tot ) transferred can 21 be determined by Eq. (3).
22
The net salt mass flux (J salt,net ) through the ED membranes with an applied current is a 23 combination of the effects of the ions migration and diffusion, and can be calculated by Eq.
(4). The mass flux from the spent channels to the regenerated channels of the ED stack (J ED ) 1 can therefore be determined by Eq. (5).
where J salt,I and J w,eos are respectively the salt flux and water flux due to applied current, and GT and ST indicate the regenerated and spent tanks, respectively.
12
The concentration of the solution transferred from the spent channels to the regenerated 13 channels (C ED ) can be determined by Eq. (6), which can provide an indication of the ED 14 regeneration performance under different operating conditions.
Because of ion and water transport, the concentration and volume in both regenerated and 17 spent tanks vary with time. These changes can be calculated using the mass balance equation
18
for both spent and regenerated tanks. Therefore, the concentrations of the spent and 19 regenerated solutions at the exit of the ED stack can be determined by Eqs. (7) and (8), 20 respectively.
where C G,exit and C S,exit are the concentrations of the solutions at the exits of the regenerated 2 channels and spent channels respectively, and ̇1 and ̇2 are the volumetric flow rates of the 3 inlet solutions into the regenerated and spent cycles, respectively. 4
Numerical modelling of the ED cell 5
An ED cell consisting of one regenerated domain, two spent domains, and one pair of 6 cation and anion exchange membranes was modelled in this study ( Fig. A .1 in Appendix A).
7
The geometric dimensions of the ED cell were specified based on the manufacturing data of 8 the experimental setup to be introduced in Section 3. The key parameters used in the model 9 are summarized in Table B .1 in Appendix B. The water molar flux due to electro-osmosis can be calculated by using Eq. (12) 9 (Tanaka, 2010), in which the water transport number due to the electro-osmosis and the water 10 permeability factor of the membranes due to osmosis were obtained from the experiments (i.e.
11
Experimental cases 1-9 in Table 1) .
where B is the water permeability factor of AEMs and CEMs which is calculated based on 16 overall water transfer from the low concentration side to the high concentration side of the 17 membrane wall, is the osmotic pressure, c is the molar concentration of the solution, n is the 18 moles number of the solute in the solution (e.g. n=2 for LiCl), R is the gas constant, T is the 19 absolute solution temperature, i is the applied current density, t w is the water transport number 20 of membranes, and the subscripts G and S represent the regenerated and spent channels, respectively.
22
The heat transfer between the spent and regenerated channels of the ED cells was not 23 considered in this study. In addition, it was assumed that the regenerated and spent channels 24 have the same hydrodynamic characteristics as the same solution flow rates were used in both 1 flow channels. Table B .1 in Appendix B.
16
Lithium sulfate (Li 2 SO 4 ) solution was used as the electrode rinsing solution in the ED stack.
17
Two extra cation CMV membranes were used at the cathode and anode to prevent sulfate 18 from migrating into the spent and regenerated solutions. The regenerated, spent and rinsing 19 electrolyte solutions were circulated through three 3.5 L transparent PVC tanks, respectively.
20
The solutions were circulated through the ED stack by three magnetic drive pumps. Further 21 details of this ED system are available elsewhere (Guo et al., 2016) .
22
A portable density meter (30PX Densito) was used to measure the density and temperature The basic root-sum-square method can be used to determine the relative uncertainty of the 8 calculated variables (Yang, Sun, & Chen, 2015) . The relative uncertainty for a calculated 9 variable y with a set of independently measured variables can be determined by Eq. (13).
10
Based on Eq. (13), it was determined that the maximum composite relative uncertainties for 11 the calculated water mass transfer and salt mass transfer of the liquid desiccant in all 12 experiments were 3.5 and 10.6%, respectively. The major measuring instruments used and 13 their claimed measurement accuracies are summarized in Table B .2 in Appendix B.
where m is the number of the independently measured variables. 
Experimental protocol

17
Four sets of the experiments (Table 1) The first experimental set was designed to examine the water transfer through the 3 membranes resulting from the osmotic pressure difference between the spent and regenerated 4 channels, and investigate the salt transfer from the regenerated channels to the spent channels 5 due to diffusion. The second experimental set investigated the water transfer through the 6 selective membranes due to the electro-osmotic impact when different currents were applied 7 to the ED stack. The third experimental set was designed using an orthogonal layout with 4 8 factors and 3 levels. This set of experiments was to examine the salt mass transfer through the Fig. 3 shows the osmotic pressure differences between the spent and regenerated channels, 1 and the fluxes of water and LiCl through the membranes at various concentration differences 2 between the two solutions (i.e. Experimental cases 1-5). There was no electric potential 3 between the cathode and anode in order to eliminate any electro-osmosis effect.
Water and salt transfer due to osmosis
4
The osmotic pressure difference between the spent and regenerated channels decreased 5 with operating time since the concentration difference between both channels decreased 6 continuously over time (Fig. 3a) . As shown in Fig. 3b) , the average water flux from the spent C. This temperature increase is mainly due to the 13 heat rejection from the solution pumps and the variation in the room temperature.
14 Salt flux transfer due to the concentration difference between the regenerated and spent
15
solutions was generally small when comparing to that of water flux transfer (Fig. 3c) . The 16 average salt flux transfer was 0.0053 g/s.m 2 when the initial concentration difference between 17 the regenerated and the spent solutions was 25% (wt/wt).
18
Overall, water transfer due to osmosis is more significant than salt transfer. It is therefore 
Water transfer due to electro-osmosis
23
In this study, four experiments (i.e. Experimental cases of 6-9) were carried out to 24 investigate the impact of the electro-osmosis on the amount of water mass transfer from the 25 spent channels to the regenerated channels. The initial concentrations of the spent and 1 regenerated solutions were identical to avoid any osmosis effect. This temperature increase was probably resulted from the heat rejection from the solution 10 pumps and the heat generated because of the Joule effect as well as the variation in the room 11 temperature.
12
When the initial concentration of the solutions in both spent and regenerated tanks was 
Ion transfer due to applied current
22
The salt flux transfer during ED regeneration was analyzed using the third experiment set 23 (i.e. Experiments cases 10-18). The average concentration difference of the regenerated solution between the entrance and 7 the exit of the ED stack (∆C ���� ) during the whole test period for each case is also shown in Table   8 2. However, it is hard to identify which factor has a higher impact on the ED regeneration 9 performance. Basically, the regeneration performance is related to the salt mass transfer from 10 the spent channels to the regenerated channels and this salt mass transfer is directly associated 11 with the applied current.
12
The impact of the solution flow rate on the ED regeneration performance was investigated 
Concentration profile of LiCl in the ED channels
22
The concentration profiles of LiCl along the ED cell with different solution flow rates were 29.031% (wt/wt). In the regenerated channel, the concentration of the bulk solution was 13 always lower than that at the membrane walls, while the concentration of the bulk solution in 14 the spent channels was higher than that at the membrane walls (Fig. 7) . 
21
The results also showed that, unlike conventional desalination applications using ED,
22
water transport due to osmosis and electro-osmosis during the regeneration of LiCl liquid 23 desiccant could not be neglected. Both the experiment and the numerical results showed that the concentration difference between the regenerated and spent LiCl solutions should be 1 minimized in order to achieve a better ED regeneration performance. Waugaman, D., Kini, A., & Kettleborough, C. (1993) . A review of desiccant cooling systems. Table 2 6 Salt flux transfer within the ED under different operating conditions. Data analysis using experimental data
Step 1
Step 3 Fig. 2 . Comparison between the model simulated concentration difference between the 3 entrance and exit of the ED stack and that derived from the experimental data. Experimentally determined
